Rhomboid domain-containing protein 3 (Rhbdd3), which belongs to a family of proteins with rhomboid domain, is widely expressed in immune cells; however, the roles of the Rhbdd members, including Rhbdd3, in immunity remain unknown. Natural killer (NK) cells are critical for host immune defense and also can mediate inflammatory diseases such as hepatitis. Although much is known about how NK cells are activated, the detailed mechanisms for negative regulation of NK cell activation remain to be fully understood. Using Rhbdd3-deficient mice, we reveal that Rhbdd3, selectively up-regulated in NK cells upon Toll-like receptor 3 (TLR3) stimulation, negatively regulates TLR3-mediated NK cell activation in a feedback manner. Rhbdd3 inhibits TLR3-triggered IFN-γ and granzyme B expression of NK cells in cell-cell contact dependence of accessory cells such as dendritic cells and Kupffer cells. Rhbdd3 interacts with DNAX activation protein of 12 kDa and promotes its degradation, inhibiting MAPK activation in TLR3-triggered NK cells. Furthermore, Rhbdd3 plays a critical role in attenuating TLR3-triggered acute inflammation by controlling NK cell activation and accumulation in liver and disrupting NK cellKupffer cell interaction. Therefore, Rhbdd3 is a feedback inhibitor of TLR3-triggered NK cell activation. Our study outlines a mechanism for the negative regulation of NK cell activation and also provides clues for the function of the rhomboid proteins in immunity.
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poly(I:C) | innate immunity | immune regulation N atural killer (NK) cells are essential for innate host defense against viral infection and tumor via releasing cytotoxic granules and cytokines, as well as lysis of infected or transformed cells (1) . NK cells also function as regulatory cells through interacting with various components of the immune system (2, 3) . Dysfunction of NK cells has been linked to the pathogenesis of inflammatory and autoimmune diseases with particular functional involvement in liver inflammation and injury during viral hepatitis (4, 5) . Thus, identification of new regulators of NK cell activation will contribute to a better understanding of how to maintain immune homeostasis and may provide potential targets for prevention and treatment of inflammatory diseases resulting from aberrant NK cell activation.
Activation of NK cells is finely regulated by a series of surfaceactivating or inhibitory receptors, the balance between which sets a threshold for NK cell activation (6) . Besides, NK cells express many types of Toll-like receptors (TLRs) and can be activated by various TLR ligands. For example, TLR4 ligand LPS, TLR7/8 ligand R-848, and TLR9 ligand CpG induce NK cell activation, either directly or indirectly (7) (8) (9) . Notably, human NK cells express the highest level of TLR3 among major immune cells (10) . Double-stranded (ds) RNA polyinosinic-polycytidylic acid [poly (I:C)] activates NK cells through recognition by TLR3 (11) . TLR3 triggers the recruitment of TRIF (Toll-interleukin 1 receptor domain-containing adapter inducing IFN-β), leading to the activation of downstream mitogen-activated protein kinase (MAPK) family and nuclear factor κB (NF-κB) and IFN-regulatory factor 3 transcription factors (12) . Moreover, NK cells can be activated by cytokines such as IL-12 and IL-15 through the signal transducer and activator of transcription (STAT) pathway (13, 14) . Although much is known about how NK cells are activated, the detailed mechanisms for the negative regulation of NK cell activation remain to be fully understood.
Growing evidence shows that TLR3 is important in the pathogenesis of a variety of liver diseases (15) . Poly(I:C) injection in vivo induces massive liver damage in D-galactosamine (D-GalN)-sensitized mice mediated by a crosstalk between NK cells and Kupffer cells (KCs) (16) . Thus, the investigation into how NK cell function is regulated, herein with the model of acute liver inflammation, will contribute to better understand how the disordered NK cells are involved in the pathogenesis during the innate inflammatory response and how to control NK cell activation for the maintenance of immune homeostasis.
Rhomboids are a family of widely distributed intramembrane serine proteases involved in growth factor signaling, mitochondrial remodeling, and apoptosis (17) . Rhomboids are also associated with various human diseases (18) . Rhomboid domain-containing protein (Rhbdd) belongs to a family of proteins with rhomboid domain. To date, there are only a few reports of Rhbdd1, Rhbdd2, and Rhbdd3 (also known as pituitary tumor apoptosis gene) that indicate their roles in apoptosis and cancer (19) (20) (21) . Interestingly, inactive rhomboid protein 2 has been more recently shown to facilitate LPS-induced TNF production (22, 23) , highlighting the involvement of rhomboid-like proteins in immunological processes. However, to date, there is no report about the roles of Rhbdd proteins in immunity. On the basis of the preliminary observation that Rhbdd3 is selectively up-regulated in TLR3-activated NK cells, here we generated Rhbdd3-deficient mice and investigated the role of Rhbdd3 in NK cell responses. We demonstrate that Rhbdd3 negatively regulates TLR3-triggered acute inflammation by controlling NK cell activation, providing insights into how NK cell activation by TLR3 is controlled and important clues for the function of rhomboids protein in immunity.
Results
Rhbdd3 Negatively Regulates TLR3-Triggered NK Cell Activation in Vitro and in Vivo. We first analyzed the dynamic expression of Rhbdd3 during NK cell activation. TLR3 agonists poly(I:C) significantly increased Rhbdd3 expression in NK cells, whereas IL-12/15 did not affect its expression (Fig. 1A) . Consistently, Rhbdd3 increased quickly and significantly in NK cells after in vivo injection of poly(I:C) (Fig. 1B) . Therefore, Rhbdd3 is significantly up-regulated by TLR3 stimulation in NK cells.
To study the immunological role of Rhbdd3 in vivo, we generated Rhbdd3-dificient (Rhbdd3 +/+ and Rhbdd3 −/− mice, suggesting that Rhbdd3 does not affect the development of these immune cells (Fig. S1 ). We then investigated whether the inducible Rhbdd3 may feedback-regulate TLR3-mediated NK cell activation. Rhbdd3 −/− splenocytes produced higher levels of IFN-γ and IL-6 upon poly(I:C) stimulation than Rhbdd3 +/+ splenocytes but similar levels of IFN-γ and IL-6 upon IL-12/15 stimulation (Fig. 1C) . Importantly, the intracellular expression of granzyme B, perforin, and IFN-γ in NK1.1 + cells upon poly(I:C) stimulation was also higher in Rhbdd3 −/− splenocytes, still with no obvious difference after IL-12/15 stimulation ( Fig. 1D and Fig. S2A ). Besides, neither NK cell percentage in spleen (Fig. S2B ) nor TLR3 expression on NK cells (Fig. S2C ) differed between Rhbdd3 +/+ and Rhbdd3 −/− mice, indicating that the elevated cytokines from TLR3-activated Rhbdd3 −/− splenocytes were attributable to strengthened NK cell activation rather than the elevated NK cell proportion or TLR3 expression of NK cells. Thus, Rhbdd3 inhibits TLR3-triggered NK cell activation in vitro.
We next investigated whether Rhbdd3 also regulated NK cell activation in vivo during acute liver inflammation. Rhbdd3
−/− liver NK cells expressed more granzyme B, perforin, and IFN-γ ( Fig.  1E and Fig. S2D ) and had stronger cytotoxicity against YAC-1 cells (Fig. 1F ) after in vivo injection of poly(I:C). Thus, Rhbdd3 negatively regulates NK cell activation via TLR3 both in vitro and in vivo. Furthermore, Rhbdd3 −/− mice exhibited an increased proportion of NK cells in liver after poly(I:C) challenge (Fig. S3 ), suggesting Rhbdd3 also affects NK cell accumulation in liver.
Accessory Cells (Dendritic Cells and KCs) Are Required for the Suppression of TLR3-Triggered NK Cell Activation by Rhbdd3 in a Cell-Cell Contact-Dependent Manner. We then isolated splenic DX5
+ NK cells to investigate the direct involvement of Rhbdd3 in TLR3-triggered NK cell activation. Unexpectedly, poly(I:C) alone did not increase IFN-γ production by NK cells (Fig. 2A) . After IL-12 and -15 were added to support NK cell survival, Rhbdd3
+/+ and Rhbdd3 −/− NK cells secreted a striking amount of IFN-γ upon poly(I:C) stimulation, nevertheless, at similar levels ( Fig. 2A) . Thus, TLR3 activates NK cells dependent on the presence of proinflammatory cytokines, and Rhbdd3 could not directly inhibit IFN-γ production by TLR3-activated NK cells dependent on IL-12/15. Moreover, Rhbdd3
+/+ and Rhbdd3 −/− NK cells produced similar levels of IFN-γ and IL-10 upon stimuli with LPS, CpG, IFN-α, or IL-2/12, which, unlike poly(I:C), could independently induce NK activation (Fig. S4A ). Thus, Rhbdd3 is involved neither in NK cell activation by those signals nor in the regulatory function of NK cells. Interestingly, Rhbdd3
−/− NK cells were more cytotoxic than Rhbdd3 +/+ NK cells ( Fig. 2B ), indicating that Rhbdd3 inhibits NK cell cytotoxicity constitutively. We next wondered whether accessory cells in spleen could support the inhibitory effect of Rhbdd3 on NK cell activation. To answer this, we separated DX5
+ and the rest DX5 − part of splenocytes in and assessed for their cytotoxicity against YAC-1 cells. E:T, effector versus target (F). The data shown are the means ± SD from three independent experiments (A-C and F). *P < 0.05; **P < 0.01; NS, not significant. +/+ or Rhbdd3 −/− DCs. Poly(I:C) induced higher expression of IFN-γ and granzyme B (Fig. 3 A and B and Fig. S5A ) in Rhbdd3 −/− NK cells than Rhbdd3 +/+ NK cells in the presence of DCs. Thus, Rhbdd3 inhibits TLR3-triggered NK cell activation in a DC-dependent manner. Interestingly, Rhbdd3 −/− DCs also mediated elevated activation of NK cells by poly(I:C) stimulation than Rhbdd3 +/+ DCs (Fig. 3 A and B) , indicating the potential role of Rhbdd3 in regulating DC function. However, as shown in A crosstalk between NK cells and KCs in liver are critically pathogenic factors in TLR3-triggered liver inflammation (16) . Similarly, the expression of IFN-γ and granzyme B (Fig. 3 C and D and Fig. S5C) (Fig. S6) . DNAX activation protein of 12 kDa (DAP12) is a key intracellular accessory adaptor of several activating receptors on NK cells (25) . Therefore, we next explored whether Rhbdd3 is involved in the regulation of DAP12. Through confocal analysis, we found that DAP12 and Rhbdd3 increased and aggregated significantly after poly(I:C) stimulation (Fig. 4A) . Coimmunoprecipitation analysis showed that Rhbdd3 interacted with DAP12 in poly(I:C)-activated NK cells (Fig. 4B) . Furthermore, the expression of DAP12 at protein level, but not at mRNA level, after TLR3 stimulation was significantly elevated by Rhbdd3 knockdown or depletion ( Fig. 4C and Fig. S7 A and B) . Proteasome inhibitor MG132 pretreatment increased the DAP12 expression in Rhbdd3 +/+ NK cells but not in Rhbdd3 −/− NK cells (Fig. 4C) . Therefore, Rhbdd3 can promote proteasomal degradation of DAP12 and, thus, inhibit TLR3-triggered DAP12 expression.
DAP12-associated activating receptors may induce activation of downstream signaling molecules including MAPK and NF-κB (6, 25) . As shown in Fig. 4D , the levels of p-ERK, p-JNK, and p-protein 38 (p-p38) by TLR3 stimulation were significantly higher in Rhbdd3 −/− NK cells than Rhbdd3 +/+ NK cells in the presence of DCs. Moreover, the activation of p-ERK, p-JNK, and p-p38 was consistently higher in Rhbdd3 −/− splenic NK cells after in vivo poly(I:C) stimulation, whereas the activation of NF-κB was similar (Fig. 4E) . Together, Rhbdd3 negatively controls TLR3 signaling in NK cells by promoting DAP12 degradation and inhibiting MAPK activation.
Rhbdd3 Attenuates TLR3-Triggered Acute Liver Inflammation Through
Controlling NK Cell Activation and NK Cell-KC Crosstalk. Because Rhbdd3 inhibits TLR3-triggered NK cell activation and accumulation in liver, we next explored the biological function of Rhbdd3 in vivo. We induced acute liver inflammation through injection of poly(I:C) and D-GalN. Rhbdd3 −/− mice exhibited a more exaggerated elevation of serum alanine transaminase (ALT), aspartate transaminase (AST), IFN-γ, and IL-6 than Rhbdd3 +/+ mice after poly(I:C) injection (Fig. 5A) . Accordingly, hepatic pathology revealed significant increases in inflammatory infiltrates and necrosis in Rhbdd3 −/− mice (Fig. 5B) . Moreover, we found more IL-6 in liver (Fig. 5C ) and accelerated death (Fig. 5D ) in Rhbdd3 −/− mice. Thus, Rhbdd3 prevents the development of TLR3-mediated acute liver inflammation.
Our previous work demonstrated that NK cells are responsible for the pathogenesis of poly(I:C)-induced acute liver inflammation (26) . Therefore, we next wondered whether Rhbdd3 attenuates poly(I:C)-induced acute liver inflammation through affecting NK cell activation. We depleted NK cells through administration of monoclonal antibody PK136 against mouse NK1.1 antigen before poly(I:C) injection. As shown in Fig. 6A , depletion of NK cells significantly prevented both Rhbdd3 +/+ and Rhbdd3 −/− mice from liver inflammation. Moreover, the levels of AST and ALT were similar between NK cell-depleted Rhbdd3 +/+ and Rhbdd3 −/− mice after poly(I:C) injection, confirming that inhibition of NK cell activation by Rhbdd3 contributes to the attenuation of acute liver inflammation by Rhbdd3. Interestingly, although greatly reduced, the level of IL-6 after NK cell depletion was still comparatively higher in Rhbdd3 −/− mice than Rhbdd3 +/+ mice, indicating that some unknown cells, other than NK cells, contribute to a small part of IL-6 in serum and have also been regulated by Rhbdd3. Notably, D) were, respectively, assessed using CBA or FACS. The data shown are the means ± SD (A and C) from three independent experiments. *P < 0.05; **P < 0.01; NS, not significant.
NK cell-depleted Rhbdd3
−/− and Rhbdd3 +/+ mice both had a 100% survival rate for at least 48 h after poly(I:C) injection (Fig. 6B) , further confirming that Rhbdd3 inhibits poly(I:C)-induced mouse death through controlling NK cell function. Also, depletion of KCs with clodronate liposomes reduced poly(I:C)-induced ALT in Rhbdd3 +/+ and Rhbdd3 −/− mice to a similar level (Fig. 6C) , further supporting our in vitro findings that Rhbdd3 negatively controls the interaction of NK cells and KCs.
Finally, we adoptively transferred Rhbdd3 +/+ and Rhbdd3
−/−
NK cells into NK cell-depleted mice and then injected poly(I:C) and D-GalN. As expected, adoptive transfer of NK cells significantly restored the increased levels of ALT, AST, IFN-γ, and IL-6 in NK cell-depleted mice after poly(I:C) injection, and mice adoptively transferred with Rhbdd3 −/− NK cells had higher levels of ALT, AST (Fig. 6D) , IFN-γ, and IL-6 (Fig. 6E ) than those with Rhbdd3 +/+ NK cells. Together, the above data demonstrated that Rhbdd3 attenuates TLR3-triggered acute inflammation through controlling NK cell activation.
Discussion
Several negative regulators of NK cell activation have been identified, such as Ewing's sarcoma/friend leukemia virus integration 1 activated transcript 2 (27) and β-arrestin 2 (28) . Our laboratory has demonstrated that the β 2 integrin CD11b feedback inhibits NK cell function and, thus, attenuates TLR3-triggered acute liver inflammation (26) . We have also found that micro-RNA-29 participates in the regulation of NK cell function through directly targeting Ifnγ mRNA (29) . Here, we provide evidence that Rhbdd3 controls TLR3-triggered NK cell activation both in vitro and in vivo and, thus, identify a mechanism by which NK cell function is negatively regulated.
We found that poly(I:C) could only induce NK cell activation in the presence of cytokines such as IL-12/15 or accessory cells such as DCs and KCs, consistent with previous reports showing that NK cells could only be activated by poly(I:C) in the simultaneous presence of IL-12 or IL-8 (30) . Moreover, Rhbdd3 inhibits TLR3-mediated NK cell activation only when DCs or KCs are presented. In fact, DC-mediated NK cell activation requires the formation of immune synapses, as well as soluble cytokines (24, 31) . Thus, some ligands on DCs or KCs or receptors on NK cells might mediate the inhibitory effect of Rhbdd3 on TLR3-triggered NK cell activation. Interestingly, a poly(I:C)-inducible membrane protein referred to as IRF-3-dependent NK-activating molecule has been shown to mediate NK cell activation induced by DCs contact (32) . It would be interesting to elucidate the role of IRF-3-dependent NK-activating molecule or other candidate molecules in the context of Rhbdd3-mediated inhibition of TLR3-triggered DC-NK cell interaction.
Notably, Rhbdd3 also regulates DC function to induce TLR3-triggered NK cell activation (Fig. 3 A and B) . Indeed, Rhbdd3 is widely expressed in various organs and multiple types of immune cells. Although NK cells express higher levels of Rhbdd3 than DCs, Rhbdd3 is also up-regulated in DCs by TLR stimulation. Moreover, Rhbdd3 −/− DCs expressed higher levels of CD86 and histocompatibility 2 class II antigen A beta 1 and produced more IL-12 and IL-15, but similar IFN-β, upon poly(I:C) stimulation than Rhbdd3 +/+ DCs, indicating that Rhbdd3 also affects TLR3 signaling in DCs. Actually, older Rhbdd3 −/− mice are prone to development of autoimmune disorders; it would, therefore, be intriguing to further investigate the cellular and molecular mechanisms for the control of autoimmunity by Rhbdd3.
MAPKs are the central transduction elements that mediate the signaling pathway triggered by various TLRs, including TLR3. Interestingly, whereas engagement of DAP12 by high-avidity ligands induces complete phosphorylation of immunoreceptor tyrosine-based activation motifs and recruitment of spleen tyrosine kinase, which synergizes with TLR-triggered MAPK and NF-κB pathway, low-avidity ligands induce a inhibitory signaling of DAP12 through activating the inhibitory phosphatase SH2-domain-containing protein tyrosine phosphatase 1, inhibiting the MAPK pathway (25) . Thus, DAP12 may trigger a complex signaling network converging on MAPK and NF-κB activation. Here, we demonstrate that Rhbdd3 negatively regulates TLR3-trigered DAP12/MAPK signaling pathway without affecting NF-κB activation in NK cells and, thus, explain a mechanism for regulation of NK cell activation.
More NK cells accumulate in liver of Rhbdd3 −/− mice upon poly (I:C) treatment, which might also contribute to the excessive liver injuries by poly(I:C). Chemokine receptors on NK cells such as chemokine receptor 2 (CCR2) (33) and CCR5 (34) have been indicated to regulate NK cell recruitment into liver. However, no difference in the expression of those molecules was found between Rhbdd3 +/+ and Rhbdd3 −/− mice (Fig. S8A) . Besides, we found a remarkable increase in the level of IFN-γ-inducible protein 10 and stromal cell-derived factor-1α in poly(I:C)-treated mice, but their expression levels were not affected by Rhbdd3 deletion (Fig. S8B) .
Thus, some other molecules might have been involved in recruiting NK cells into liver.
Human RHBDD2/3 belongs to a subgroup of rhomboid proteins for which, to date, there has been no evidence that they are active proteases (17, 20) . Rhbdd3 is the highly conserved homolog of RHBDD3 in mice. Thus, although Rhbdd3 is evolutionarily related with rhomboid proteins, the intermembrane protease function might ALT, AST, IFN-γ, and IL-6 levels were determined. The data shown are the means ± SD (A and C-E) from three independent experiments. *P < 0.05; **P < 0.01; NS, not significant. not be so important for Rhbdd3 as for other rhomboid members such as RHBDD1. Notably, Rhbdd3 contains an ubiquitin-binding associated (UBA) domain, which regulates cellular processes through binding ubiquitin (35) . Because Rhbdd3 can promote proteasomal degradation of DAP12, it is, thus, likely that Rhbdd3 might affect the degradation of DAP12 through ubiquitinization pathway via UBA domains, which awaits further investigation.
Here, we report the indispensable role of Rhbdd3 in inhibiting TLR3-triggered acute liver injury. In fact, previously published genome-profiling data also provide exciting information indicating the biological significance of Rhbdd3 in liver diseases. Based on three sets of genome-expression data of different hepatocellular carcinoma (HCC) mouse mutants (36) (37) (38) [Gene Expression Omnibus (GEO) database accession nos GDS2006, GDS1990, and GDS3087; www.ncbi.nlm.nih.gov/geo], Rhbdd3 is comparably reduced in HCC mutant mice than control mice. Chronic inflammation plays pivotal roles in promoting tumorigenesis. Proinflammatory cytokines such as IL-6 can enhance tumor progression, and anti-IL-6 drugs are being evaluated for cancer therapy (39) . Thus, our study provide important clues to investigate the mechanisms underlying HCC pathogenesis. Altogether, our results shed a light on the mechanisms for the maintenance of immune homeostasis and provide a potential target for the treatment of liver inflammatory diseases.
Materials and Methods

Generation and Identification of Rhbdd3
−/− Mice. Details are described in SI Materials and Methods. Materials. Materials are described in SI Materials and Methods.
Cell Preparations. Details are described in SI Materials and Methods.
Cocultures of NK Cells and DCs or Liver KCs. Details are described in SI Materials and Methods.
Assay for NK Cell Cytotoxicity. Details are described in SI Materials and Methods.
Confocal Analysis. Details are described in SI Materials and Methods.
RNA Interference. Details are described in SI Materials and Methods.
ELISA and Cytometric Bead Array Immunoassay. Details are described in SI Materials and Methods.
Flow Cytometry. Details are described in SI Materials and Methods.
Coimmunoprecipitation and Western Blotting. Details are described in SI Materials and Methods.
Induction of Acute Liver Inflammation. Details are described in SI Materials and Methods.
Statistical Analysis. Student's t test was used to analyze statistical significance of differences for paired samples. Animal survival was analyzed using the Kaplan-Meir analysis and the survival rates were analyzed by the Wilcoxon's test. Statistical significance was determined as P < 0.05.
